Sparse Bundle Adjustment Speedup Strategies by Lipski, Christian et al.
Sparse Bundle Adjustment Speedup Strategies
Christian Lipski
TU Braunschweig,
Germany
lipski@cg.tu-bs.de
Denis Bose
TU Braunschweig,
Germany
bose@tu-bs.de
Martin Eisemann
TU Braunschweig,
Germany
eisemann@cg.tu-bs.de
Kai Berger
TU Braunschweig,
Germany
berger@cg.tu-bs.de
Marcus Magnor
TU Braunschweig,
Germany
magnor@cg.tu-bs.de
ABSTRACT
O ver t he past year s, S t r uct ur e- f r om- Mot i on cal i br at i on al gor i t hms have become w i del y popul ar f or many appl i cat i ons i n com-
put er gr aphi cs. F r om an unor der ed set of phot ogr aphs, t hey m anage t o r obust l y est i mat e i nt r i nsi c and ext r i nsi c camer a p ar ame-
t er s f or each i mage. O ne maj or dr aw back i s t he quadr at i c comp ut at i on t i me of exi st i ng al gor i t hms. T hi s paper pr esent s di ff er ent
st r at egi es t o over come t hi s pr obl em by onl y wor ki ng on subse t s of i mages and mergi ng t he r esul t s. A quant i t at ive compar i son
of t hese st r at egi es r eveal s t he t r ade- off bet w een accur acy and comput at i on t i me.
Keywords: C amer a C al i br at i on, S par se B undl e A dj ust ment , S t r uct ur e- f r om- Mot i on.
1 INTRODUCTION
M a ny o f to d a y ’s v isio n a n d g r a p h ic s a p p lic a tio n s
a r e b a se d o n w e ll- c a lib r a te d c a m e r a s. T h e c a m e r a
c a lib r a tio n p r o c e ss h a s b e e n w id e ly ex p lo r e d in th e p a st
y e a r s a n d m a ny m e th o d s h ave b e e n p r o p o se d - r a n g in g
f r o m c la ssic a l c h e c ke r b o a r d r e c o r d in g s to c a lib r a tio n
w ith o u t a p r io r i k n ow n p a tte r n s [ PG V + 0 4, SSS0 8 ] .
T h e se r e c e n t m e th o d s r e q u ir e th e r e c o r d e d im a g e s
o n ly to o b ta in a m u ltitu d e o f f e a tu r e p o in ts ( e . g .
SI FT- f e a tu r e s) f o r a p r o p e r self-calibration . E sp e c ia lly
im a g e - b a se d m o d e lin g a n d r e n d e r in g a p p lic a tio n s
b e n e fit f r o m th e d eve lo p m e n t: T h e c a m e r a se tu p c a n b e
f r e e ly c h o se n a n d a c a lib r a tio n r e c o r d in g se ssio n h a s
b e c o m e o b se le te . Fu r th e r m o r e , th e c a m e r a ste u p d o e s
n o t n e e d to b e fixe d d u r in g th e r e c o r d in g a ny m o r e .
Sc e n e s r e c o r d e d w ith m u ltip le h a n d h e ld c a m e r a s c a n
n owa d a y s b e r e c o n str u c te d b y e m p loy in g th e se lf -
c a lib r a tio n m e th o d s. T h e m e th o d m o st w id e ly u se d
in th e r e se a r c h c o m m u n ity is th e Sp a r se Bu n d le A d -
ju stm e n t, o r Bundler f o r sh o r t, in tr o d u c e d b y Sn ave ly
e t a l. [ SSS0 8] . T h e r e c o r d e d im a g e s a r e se a r c h e d f o r
f e a tu r e p o in ts, e . g . SI FT- f e a tu r e s. Fe a tu r e p o in ts, th a t
a r e sh a r e d b e tw e e n a ny two im a g e s a r e c o n sid e r e d
a s c o r r e sp o n d e n c e p o in ts. A f te r a n in itia l e stim a te o f
c a m e r a p a r a m e te r s, th e se p o in ts a r e tr ia n g u la te d a n d
r e p r o je c te d to th e im a g e s. T h e r e p r o je c tio n e r r o r, i. e .
th e e u c lid e a n d ista n c e b e tw e e n th e o r ig in a l f e a tu r e
lo c a tio n s a n d th e ir r e p r o je c tio n s o n th e im a g e p la n e
is m in im iz e d d u r in g th e so - c a lle d bu n d le a d ju stm e n t.
Be in g c o n sid e r e d a s a m ile sto n e in th e c o m m u n ity,
P erm is s ion to m ake digital or hard copies of all or part of thi s
work for pers onal or clas s room us e is granted w ithout fee pro vided
that copies are not m ade or dis tributed for profi t or com m erci al
advantage and that copies bear this notice and the full citat ion on the
fi rs t page. To copy otherw is e, or republis h, to pos t on s erver s or to
redis tribute to lis ts , requires prior s pecifi c perm is s ion a nd/or a fee.
th is to o l, h ow eve r, h a s se r io u s issu e s r eg a r d in g th e
c o m p u ta tio n tim e .
I n th is p a p e r w e ex a m in e th e r e a so n s f o r th e se is-
su e s a n d p r o p o se n ew m e th o d s to sig n ific a n tly r e d u c e
th e c o m p u ta tio n tim e w h ilst ke e p in g th e r e p r o je c tio n
e r r o r m in im a l. T h e p a p e r is o u tlin e d a s f o llow s. We
g ive a b r ie f ove r v iew to r e c e n t a d va n c e s in c a lib r a tio n
m e th o d s in Se c tio n 2 , a lso f o c u ssin g o n Bu n d le r ’s r u n -
tim e issu e s. A f te r wa r d s, w e in tr o d u c e two str a teg ie s
to ta c k le th e se p r o b le m s in Se c tio n 3 . We ju stif y o u r
m e th o d s w ith a q u a n tita tive a n a ly sis in Se c tio n 4 a n d
c o n c lu d e in Se c tio n 5 .
2 RELATED WORK
Wh ile o u r wo r k m a in ly im p r ove s Bu n d le r b y Sn ave ly
e t a l. [ SSS0 8] , a r e n ow n e d to o l f o r 3 D o b je c t r e c o n -
str u c tio n f r o m u n c a lib r a te d m u ltic a m e r a f o o ta g e u se d
b y m a ny o th e r sc ie n tists [ WM C0 4 , Sn a 0 8, JB0 9 ] , w e
a lso r e la te to th e f o llow in g p r ev io u s wo r k in th e fie ld o f
m u ltic a m e r a c a lib r a tio n .
A g o o d ove r v iew o f c a lib r a tio n a lg o r ith m s c a n
b e f o u n d in th e p a p e r b y Tr ig g s e t a l. [ T M H F9 9] .
T h e c o m m e r c ia l to o l Boujou [ v ic 0 9] r e c o n str u c ts 3 D
m o d e ls f r o m m ov in g u n c a lib r a te d c a m e r a s. H a sle r
e t a l. [ H RT + 0 9, T H WS0 8 ] c a lib r a te m u ltip le m ov in g
u n sy n c h r o n iz e d c a m e r a s b y fir st fin d in g e a c h c a m e r a ’s
tr a je c to r y ( u sin g K LT- tr a c k in g a n d RA N SAC- fittin g ) .
A n a p p r o a c h b a se d o n g e o m e tr ic d issim ila r ity m e a -
su r e m e n t is d e sc r ib e d b y D e n z le r e t a l. [ BBD 0 9 ] . T h ey
r e ly o n a le ss r e str ic tive m a tc h in g m e th o d c o m p a r e d to
[ SSS0 8] .
H ow eve r, m o st c a lib r a tio n a p p r o a c h e s, in c lu d in g th e
Sp a r se Bu n d le A d ju stm e n t [ SSS0 8] , su ff e r f r o m lo n g
c o m p u ta tio n tim e s. Sc h wa r tz e t a l. [ SK 0 9] inve stig a te
th e p r e c o n d itio n s o f m u ltic a m e r a c a lib r a tio n a n d su g -
g e st to m e rg e c o n n e c te d c o m p o n e n ts f o r a n in itia l e s-
tim a te to a c h ieve c o m p u ta tio n sp e e d u p . By r o d e t a l.
su g g e st a n ite r a tive a d ju stin g a p p r o a c h b y so lv in g th e
p r o b le m w ith a c o n ju g a te g r a d ie n t m e th o d . T h ey p r e -
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c o n d itio n th e m a tr ix w ith a m u ltisc a le G a u ss- Se id e l a p -
p r o a c h . H e e t a l. [ H Q H 0 8] tr y to im p r ove th e c o m -
p u ta tio n tim e b y p r o p a g a tin g m a tc h e s b e tw e e n c a m e r a
p a ir s.
O u r a p p r o a c h e s, in ste a d , a d d r e ss th e c o m p u ta tio n
tim e p r o b le m b y a p p ly in g Bu n d le r to a lim ite d se le c -
tio n o f im a g e s, a n d in c o r p o r a tin g th e o th e r im a g e s a t a
la te r sta g e .
2.1 Bundler: Sparse Bundle Adjustment
A s o u r wo r k is b a se d o n th e wo r k o f Sn ave ly e t
a l. [ SSS0 8] , w e w ill g ive a b r ie f in tr o d u c tio n in to
th e Bu n d le r Ca lib r a tio n p ip e lin e . Bu n d le r a c c e p ts a n
u n o r d e r e d se t o f p h o to g r a p h s a s in p u t, a lo n g w ith a n
in itia l e stim a te o f th e f o c a l le n g th s o f th e c a m e r a s th a t
to o k th e se im a g e s. A c a lib r a tio n o f th e im a g e s is th e
o u tp u t o f th e a lg o r ith m w h ic h p r ov id e s th e r e la tive
r o ta tio n s R a n d tr a n sla tio n s t o f a ll c a m e r a s a lo n g w ith
th e in tr in sic p a r a m e te r s ( f o c a l le n g th a n d r a d ia l le n s
d isto r tio n ) . T h e fir st p a r t o f th e Pip e lin e is a n im a g e
f e a tu r e ex tr a c tio n . Sn ave ly e t a l. p r o p o se d to u se SI FT
f e a tu r e s [ L ow 0 4] f o r th is ta sk . T h is ste p r u n s in lin e a r
tim e . A p a ir w ise f e a tu r e m a tc h in g p h a se m a tc h e s th e
key f e a tu r e s o f a ll im a g e s p a ir s. T h is ste p r u n s in
q u a d r a tic tim e . T h e two m o st p r o m isin g im a g e s a r e
c h o se n f o r a n in itia l c a lib r a tio n . A f te r c a lib r a tio n , a n
in itia l se t o f 3 D p o in ts is o b ta in e d v ia tr ia n g u la tio n o f
th e c o r r e sp o n d in g p o in ts. T h e bu n d le a d ju stm e n t ste p
r e fin e s th e c a lib r a tio n b y m in im iz in g th e r e p r o je c tio n
e r r o r s o f th e o b ta in e d p o in ts. T h e r e m a in in g c a m e r a s
a r e a d d e d o n e b y o n e : I f a t le a st six c o r r e sp o n d e n c e s
to th e a lr e a d y r e c o n str u c te d 3 D p o in ts a r e k n ow n ,
a n in itia l e stim a te o f its p a r a m e te r s is c a lc u la te d v ia
D ir e c t L in e a r Tr a n sf o r m a tio n . A bu n d le a d ju stm e n t
ste p r e fin e s th e in itia l p a r a m e te r s o f th e c a m e r a , n ew
r e c o n str u c te d 3 D p o in ts m a y b e a d d e d a n d a g lo b a l
bu n d le a d ju stm e n t ste p is p e r f o r m e d . T h is fin a l p h a se
r u n s in q u a d r a tic tim e . We c a n se e th a t b o th th e key
f e a tu r e m a tc h in g a n d th e bu n d le a d ju stm e n t r u n in
q u a d r a tic tim e w ith r e sp e c t to th e a m o u n t m o f in p u t
im a g e s. T h e ove r a ll c o m p u ta tio n a l c o m p lex ity o f
Bu n d le r is th e r e f o r e O(m 2 ).
3 SPEEDUP STRATEGIES
D a ta se ts c o n ta in in g ju st a f ew h u n d r e d im a g e s m a y
le a d to r u n - tim e s o f seve r a l d a y s o n a sin g le CPU . I n -
ste a d o f f o c u ssin g o n a lg o r ith m ic te c h n iq u e s to ta c k le
th is p r o b le m , o u r a p p r o a c h e s r e d u c e th e n u m b e r o f im -
a g e s u se d a s a n in p u t to th e sp a r se bu n d le a d ju stm e n t.
We d eve lo p e d two d iff e r e n t str a teg ie s th a t le t Bu n d le r
o n ly r u n o n su b se ts o f im a g e s, th u s d e c r e a sin g th e ove r-
a ll r u n - tim e .
3.1 Merge Images Approach
We p a r titio n th e se t o f im a g e s in to n su b se ts o f e q u a l
siz e . G ive n a n ( a r b itr a r ily c h o se n ) o r d e r o f im a g e s, th e
Fig u r e 1 : M e rg e I m a g e s A p p r o a c h f o r n = 2 a n d k = 9 .
Two su b se ts a r e c r e a te d a n d se p a r a te d in d e p e n d e n tly
( b lu e a n d r e d b o xe s) . A ll su b se ts c o n ta in a se t o f c o m -
m o n im a g e s ( y e llow b o xe s) . Bo th su b se ts a r e m e rg e d
v ia a Pr o c r u ste s tr a n sf o r m a tio n .
fir st, th e n + 1 st, th e 2 n + 1 st, e tc . . . im a g e a r e p u t in
su b se t N1 . T h e se c o n d , n + 2 n d , 2 n + 2 n d , e tc . . . im a g e
a r e p la c e d in su b se t N2 a n d so f o r th , se e Fig . 1 . A f te r-
wa r d s, w e m a ke su r e th a t th e im a g e su b se ts a lso c o n ta in
so m e c o m m o n im a g e s. We se le c t e a c h k th im a g e f r o m
th e o r ig in a l im a g e se t a n d a d d it to e a c h su b se t if it is
n o t a lr e a d y p r e se n t in th a t se t. E a c h su b se t is c a lib r a te d
w ith Bu n d le r in d e p e n d e n tly. We a r e n ow fa c e d w ith
th e p r o b le m th a t w e o b ta in e d n c a lib r a tio n s o f th e sa m e
sc e n e . We a r b itr a r ily p ic k th e fir st su b se t to b e o u r r e f e r-
e n c e se t a n d m e rg e th e o th e r c a lib r a tio n r e su lts in to th is
r e f e r e n c e sy ste m . T h e su b se t’s r e f e r e n c e sy ste m s d iff e r
in th e ir lo c a tio n zn , th e ir r o ta tio n Rn a n d th e ir sc a le bn .
So , a Pr o c r u ste s tr a n sf o r m a tio n Φ h a s to b e o b ta in e d f o r
e a c h su b se t to a lig n it w ith th e r e f e r e n c e se t. Wh e n th is
tr a n sf o r m a tio n is k n ow, n ew r o ta tio n m a tr ic e s Rnew a n d
tr a n sla tio n ve c to r s twnew a r e o b ta in e d . We r e c a ll th a t th e
p o sitio n p o f a c a m e r a c a n b e d e r ive d f r o m its r o ta tio n
m a tr ix R a n d its tr a n sla tio n ve c to r t .
p =−RT t. ( 1 )
We c a n o b ta in a se t o f c o m m o n p o in ts f o r a ll su b se ts
o f im a g e s w h e n w e c o m p u te th e c a m e r a p o sitio n s f o r
th e c o m m o n im a g e s in e a c h se t. Fo r e a c h im a g e su b -
se t, w e o b ta in th e tr a n sf o r m a tio n φ th a t m a p s th e se t o f
c o m m o n c a m e r a lo c a tio n s to th e o n e o f th e r e f e r e n c e
c a lib r a tio n . We m a ke u se o f th e m a tla b im p le m e n ta tio n
o f th e Pr o c r u ste s A n a ly sis. T h e sa m e tr a n sf o r m a tio n
c a n b e u se d to o b ta in th e c a m e r a lo c a tio n s pnew , th e
r o ta tio n m a tr ic e s Rnew a n d th e tr a n sla tio n ve c to r s tnew :
T h e n ew c a m e r a lo c a tio n s a n d r o ta tio n m a tr ic e s c a n d e -
r ive d b y d ir e c tly a p p ly in g φ . T h e tr a n sla tio n ve c to r s a r e
c o m p u te d a s f o llow s:
tnew =−RTnew
− 1 pnew ( 2 )
T h e sp e e d u p c a u se d b y th is str a teg y c a n b e f o r m a l-
iz e d b y a r e d u c tio n o f th e c o m p lex ity f r o m O(m 2 ),
w h e r e m is th e to ta l n u m b e r o f im a g e s, to O(n · (m/n +
m/k)2 ). A s w e w ill sh ow in Se c tio n 4 , a n a d e q u a te se -
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Fig u r e 2 : A d d I m a g e s a p p r o c h w ith n = 4 . O n ly e a c h
n th im a g e is u se d f o r th e in itia l c a lib r a tio n ( r e d b o xe s) .
T h e o th e r im a g e s a r e a d d e d u sin g v ia D ir e c t L in e a r
Tr a n sf o r m tio n .
Fig u r e 3 : A r e p r e se n ta tive f r a m e o f th e te st se q u e n c e .
le c tio n o f k a n d m c a n c a u se a d r a m a tic sp e e d u p , w h ile
p r e se r v in g a h ig h a c c u r a cy, i. e . a low r e p r o je c tio n e r r o r.
3.2 Add Images Approach
T h e o r ig in a l im p le m e n ta tio n o f bu n d le r p r ov id e s th e
o p p o r tu n ity to a d d im a g e s to a n a lr e a d y c a lib r a te d se t
o f im a g e s. We ex p lo it th is f e a tu r e a n d d e te r m in e a
su b se t o f im a g e s th a t is c a lib r a te d in ste a d o f th e c o m -
p le te se t o f im a g e s. We a d d eve r y n th im a g e in to th e
su b se t, c a lib r a te th e su b se t a n d a d d a ll r e m a in in g im -
a g e s v ia Bu n d le r ’s Add Images f e a tu r e , Fig 2 . Wh e n
a d d in g im a g e s to th e c a lib r a te d se t o f im a g e s, n o n ew
bu n d le a d ju stm e n t ite r a tio n is p e r f o r m e d . I . e . , o n ly th e
o p tim a l r o ta tio n m a tr ix a n d tr a n sla tio n ve c to r f o r th e
n ew im a g e is d e te r m in e d , n o n ew 3 D p o in ts a r e in -
se r te d a n d n o o p tim iz a tio n o f th e c a m e r a p a r a m e te r s
is p e r f o r m e d . T h e r e f o r e , a d d in g im a g e s r u n s in lin e a r
tim e . I n ste a d o f th e o r ig in a l c o m p u ta tio n l c o m p lex ity
o f O(m 2 ), th e A d d I m a g e s A p p r o a c h h a s a c o m p lex ity
o f O((m/n)2 + (m−m/n)), w h ic h is eve n fa ste r th a n
th e M e rg e I m a g e A p p r o a c h .
4 RESULTS
O u r sp e e d u p str a teg ie s a r e te ste d o n th e g r a ffiti im -
a g e se q u e n c e , Fig . 3 . T h is te st se q u e n c e c o n ta in s th e
r e c o r d in g s o f 5 n o n - sta tio n a r y c a m c o r d e r s, a ll p o in te d
towa r d s a ju g g le r in f r o n t o f a h ig h ly tex tu r e d wa ll.
E a c h c a m e r a r e c o r d e d 4 0 v id e o f r a m e s, r e su ltin g in a
to ta l siz e o f 2 0 0 im a g e s. T h e im a g e siz e is 4 8 0 p x ×
2 7 0 p x . We c a lib r a te th e se t o f 2 0 0 im a g e s w ith th e o r ig -
in a l bu n d le r a lg o r ith m , th e M e rg e I m a g e s A p p r o a c h
a n d th e A d d I m a g e s A p p r o a c h . Seve r a l c a lib r a tio n r u n s
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Fig u r e 4 : Ru n tim e s f o r Bu n d le r u sin g b o th sp e e d u p
str a teg ie s w ith d iff e r e n t p a r a m e te r s n a n d k . We o b -
ta in e d r e su lts f o r n = 1 , 2 , 4 , 8 , 1 6 , 3 2 a n d k = 2 0 , 3 0 , 5 0 .
Ple a se n o te th a t n = 1 is id e n tic to a c a lib r a tio n w ith o u t
sp e e d u p . Co m p a r e d to th e o r ig in a l Bu n d le r c a lib r a tio n
( n = 1 ) , a sig n ific a n t sp e e d u p c a n b e a c h ieve d in a ll
c a se s.
w ith d iff e r e n t p a r a m e te r s q u a n tita tive ly d e te r m in e th e
tr a d e o ff b e tw e e n c o m p u ta tio n tim e a n d a c c u r a cy.
A s a n e r r o r m e a su r e , w e u se th e r e p r o je c tio n e r-
r o r o f th e r e c o n str u c te d 3 D p o in ts. I n o r d e r to m a ke
a ll sp e e d u p sc e n a r io s c o m p a r a b le , w e h ave to m a ke a
slig h t a lte r a tio n to th e A d d I m a g e a p p r o a c h . Wh e n u s-
in g th is a p p r o a c h , th e r e c o n str u c te d p o in t se ts te n d to
b e m u c h sm a lle r w ith in c r e a sin g n . Be c a u se n o t a ll im -
a g e s a r e u se d f o r Bu n d le A d ju stm e n t, le ss r e c o n str u c te d
p o in ts a r e a d d e d . I t is a lso q u ite like ly th a t o n ly th e se
p o in ts w ill b e in c o r p o r a te d in to th a t se t th a t h ave a low
r e p r o je c tio n e r r o r : Bu n d le r e ith e r o p tim iz e s o r d isc a r d s
p o in ts. T h e r e f o r e , w e sto r e a list o f r e c o n str u c te d 3 D
p o in ts a n d th e ir im a g e lo c a tio n s w h e n r u n n in g Bu n d le r
w ith o u t a sp e e d u p str a teg y. Wh e n eva lu a tin g th e r e p r o -
je c tio n e r r o r w ith th e A d d I m a g e s m e th o d , w e r e c o n -
str u c t th e f u ll se t o f 3 D p o in ts b y tr ia n g u la tio n o f th e
p r ev io u sly sto r e d im a g e lo c a tio n s. We th e n m e a su r e th e
r e p r o je c tio n e r r o r o f th e f u ll se t o f 3 D p o in ts. Fo r b o th
sp e e d u p m e th o d s, w e c a lib r a te w ith n = 2 , 4 , 8 , 1 6 , 3 2.
I n th e c a se o f th e M e rg e I m a g e s m e th o d , w e d id in d i-
v id u a l te st r u n s f o r e a c h d iff e r e n t n w ith k = 2 0 , 3 0 , 5 0.
T h e c o m p u ta tio n tim e s, Fig . 4 , r eve a l th a t th e A d d
I m a g e s A p p r o a c h o u tp e r f o r m s th e M e rg e I m a g e s A p -
p r o a c h in te r m s o f sp e e d . Fo r n = 3 2 it ta ke s ju st 6 in -
ste a d o f 1 2 0 m in u te s to p e r f o r m th e c a lib r a tio n . T h is is
n o t su r p r isin g , a s th e M e rg e I m a g e s m e th o d d o e s r u n n
se p a r a te c a lib r a tio n s in ste a d o f o n ly a sin g le o n e . With
c o m p u ta tio n tim e s a s low a s 2 2 m in u te s, th e M e rg e I m -
a g e s m e th o d still a c h ieve s a r e m a r k a b le r e su lt. Wh e n
c h o o sin g k > n , th e r u n tim e s sta r t to in c r e a se a g a in , a s
a lo t o f r e d u n d a n t f r a m e s a r e in c o r p o r a te d in to th e c a l-
ib r a tio n s. A ll c a lib r a tio n r u n s a r e p e r f o r m e d o n a 2 . 6 6
G h z I n te l CPU u sin g a sin g le c o r e . I n d e f e n se o f th e
M e rg e I m a g e s m e th o d o n e m u st a d m it th a t th e M e rg e
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Fig u r e 5 : Ave r a g e r e p r o je c tio n e r r o r f o r b o th th e A d d
I m a g e s a n d th e M e rg e I m a g e s a p p r o a c h . Ple a se n o te
th a t n = 1 is id e n tic to a c a lib r a tio n w ith o u t sp e e d u p .
I m a g e s m e th o d c a n b e e a sily p a r a lle liz e d . I n c o n tr a st,
th e A d d I m a g e s a p p r o a c h r u n s a c o n se c u tive a lg o r ith m .
Wh e n w e lo o k a t th e r e p r o je c tio n e r r o r, o n e c a n se e
th a t f o r low k ( k = 2 0 , 3 0 ) va lu e s, th e M e rg e I m a g e s
M e th o d a c h ieve s m u c h b e tte r r e su lts, Fig . 5 . With
h ig h e r k ( k = 5 0 ) th e m e rg in g o f d a ta se ts se e m s to b e -
c o m e u n sta b le . T h e A d d I m a g e s m e th o d ’s r e p r o je c tio n
e r r o r in c r e a se s lin e a r w ith n . A lth o u g h , f o r n = 3 2 th e
m e a n e r r o r still sta y s b e low 0 . 8 p x .
Wh e n w e lo o k a t th e m e a n d ev ia tio n o f th e e r r o r, w e
se e th a t it ke e p s low in a ll sc e n a r io s w h e r e th e M e rg e
A p p r o a c h is u se d , Fig . 6 . O n th e o th e r h a n d , th e d ev i-
a tio n o f th e e r r o r c lim b s u p to a va lu e o f 1 . 6 p x w h e n
u sin g th e A d d I m a g e s A p p r o a c h . T h is c a n b e ex p la in e d
b y th e fa c t th a t m a ny o f th e se p o in ts w e r e n o t c o n sid -
e r e d f o r bu n d le a d ju stm e n t a n d th a t a f ew la rg e o u tlie r s
ex ist. T h e sh ow n q u a n tita tive r e su lts le a d to th e in te r-
p r e ta tio n th a t b o th a p p r o a c h e s su c c e e d in th e ir ta sk to
sp e e d u p th e c o m p u ta tio n w h ile m a in ta in in g a low r e -
p r o je c tio n e r r o r. Wh e n a ve r y h ig h sp e e d u p is r e q u ir e d ,
th e A d d I m a g e s a p p o r a c h is th e fir st c h o ic e , e sp e c ia lly
f o r h ig h va lu e s o f n , d r a stic sp e e d u p s a r e a c h ieve d .
Wh e n a c c u r a cy is c r u c ia l, th e M e rg e I m a g e s a p p r o a c h
is th e m o r e a d v isa b le c h o ic e . O n e sh o u ld p ic k n < k
w h e n u sin g th e M e rg e I m a g e s m e th o d , o th e r w ise th e
sp e e d u p w ill sig n ific a n tly d im in ish .
5 CONCLUSION
We in tr o d u c e d two m e th o d s, i. e . , th e M e rg e I m a g e s a n d
th e A d d I m a g e s a p p r o a c h , to sp e e d u p th e c o m p u ta tio n
in th e c a m e r a c a lib r a tio n to o l Bu n d le r. We f o u n d th a t
b o th m e th o d s a c h ieve c o m p a r a b ly fa ir r e su lts, i. e . m in -
im a l r e p r o je c tio n e r r o r.
I n th e f u tu r e w e wa n t to ex a m in e , if c lu ste r in g o f im -
a g e s w ill le a d to f u r th e r sp e e d u p . I . e . , if in ste a d o f p ic k -
in g im a g e s a r b itr a r ily f o r o u r c a lib r tio n su b se ts, a m o r e
c o n sid e r a te p r e se le c tio n o f im a g e s c a n b e u se d to f u r-
th e r im p r ove th e a c c u r a cy o f th e c a lib r a tio n .
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Fig u r e 6 : Sta n d a r d d ev ia tio n o f th e r e p r o je c tio n e r r o r
f o r b o th sp e e d u p str a teg ie s.
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